Abstract. G protein-coupled receptor 56 (GPR56), a member of the orphan GPCR family, has been reported to be an oncogene in various malignancies. However, little is known regarding the detailed molecular mechanism of GPR56 in colorectal cancer (CRC). The present study aimed to detect the expression level and biological function of GPR56 in CRC. We examined the expression of GPR56 in CRC tissues and cell lines by quantitative real time (qRT)-PCR, immunohistochemistry, and western blot analysis. The prognostic significance of GPR56 in CRC patients was evaluated by Kaplan-Meier survival analysis. The influence of GPR56 on tumor cell proliferation (via Cell Counting Kit-8, and a tumor formation assay in mice), apoptosis (flow cytometry), cell cycle distribution (flow cytometry) and migration (Transwell assay) was explored. We also investigated the underlying mechanism of GPR56 by western blot analysis. We found GPR56 expression was significantly upregulated in CRC tissues and cell lines compared to corresponding normal controls. Higher GPR56 expression in patients predicted poorer prognosis. Depletion of GPR56 markedly suppressed cell proliferation, migration, and invasion. GPR56 overexpression promoted CRC cell metastasis by expediting epithelial-mesenchymal transition by activating PI3K/AKT signaling. In conclusion, GPR56 played an important role in CRC progression and may represent a new therapeutic target to reduce CRC metastasis.
Introduction
Colorectal cancer (CRC) ranks fifth in tumor-related mortality in China and is also considered one of the most common digestive tract malignancies throughout the world (1) . CRC poses a growing threat to human health. The lack of effective early diagnosis is of particular concern, since the majority of patients will miss the best opportunity for treatment if they are initially diagnosed at a late stage (2) . Thus, it is of great clinical significance to find new early diagnostic markers as well as novel therapeutic targets in CRC to improve patient outcomes.
G protein-coupled receptors (GPCRs) are one of the largest families of membrane proteins, and typically are comprised of a large extracellular domain (ECD), a seven-transmembrane spanning (7TM) domain, and an intracellular domain (ICD) (3) . Since more than 30% of drugs currently target GPCRs, it is important to explore and understand their biological function in malignant tumors (4) . GPR56, the most studied GPCR in malignant tumors, was first reported to be downregulated in highly metastatic melanoma cell lines compared with poorly metastatic lines by Zendman et al in 1999 (5) . Since then, research concerning the role of GPR56 in malignancy has covered many aspects, from its differential expression to its mechanism of regulation. Many studies have revealed that GPR56 is expressed as a 3-kb mRNA in various tumor tissues, with higher levels expressed in esophageal squamous cell carcinoma (6) , glioblastoma (7) , and human fibrosarcoma (8) . In terms of its mechanism of action, GPR56 has been implicated in proliferation, migration, angiogenesis, cell adhesion, cell apoptosis, and cell cycle regulation (9) (10) (11) . It has also been reported that GPR56 plays an important role in several types of malignances by interacting with vascular endothelial growth factor (VEGF) (11) , collagen III (12), CD81 (13) , and transglutaminase 2 (Tg2) (14) . Furthermore, Jin et al recently concluded that GPR56 promoted carcinogenesis by binding progastrin, a pro-angiogenic factor, in mice (15) .
Despite the aforementioned studies, the clinical significance and underlying mechanism of action of GPR56 in Immunohistochemistry. Immunohistochemistry was performed as previously described (17) . The primary antibody used was GPR56 (diluted 1:200; cat. no. abs133132; Absin Bioscience, Shanghai, China). The total score was calculated based on the percentage of positive cells (0, negative; 1, <30%; 2, 31-60%; 3, >60%) multiplied by the staining intensity (0, negative; 1, weak; 2, moderate; and 3, strong). Scores ≥4 indicated high GPR56 expression, and scores <4 indicated low GPR56 expression.
GPR56 promotes proliferation of colorectal cancer cells and enhances metastasis via epithelial-mesenchymal transition through PI3K/AKT signaling activation
siRNA interference and plasmid transfection. GenePharma Corp. (Shanghai, China) designed and synthesized the GPR56-targeting small interfering RNAs (siRNAs, si-GPR56) and the negative control siRNAs (si-NC). The GPR56-siRNA sequences were as follows: siRNA1, 5'-GCC UGG UGU UUC UGU UCA ATT-3'; siRNA2, 5'-UCA CCU CCU UCC AAG GCU UTT-3'; and siRNA3, 5'-CCU GGG CCU UGA UCU UCU UTT-3'. The si-NC sequences were as follows: 5'-UUC UCC GAA CGU GUC ACG UTT-3' (sense) and 5'-ACG UGA CAC GUU CGG AGA ATT-3' (antisense). The si-GPR56 and si-NC transfection into HCT116 and DLD-1 cells was conducted using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocols. After 48 h, knockdown efficiency was evaluated. The GPR56 amplification plasmid was obtained from Sangon Biotech Co., Ltd. (Shanghai, China). The primer sequences were as follows: Forward, 5'-ACG TAG ATA TAT GAC TCC CCA GTC GCT GCT-3' and reverse, 5'-ACG TGG TAC CGT GGC GTT GAT CCG GTC CT-3'. The plasmid transfection steps were roughly similar to siRNA interference: A mixture of Opti-MEM, Lipofectamine 3000 and overexpression plasmids prepared in accordance with the instructions were added to a 6-well plate, and the amplification efficiency was ascertained 48 h later.
Cell proliferation assay. Cell proliferation was assessed using Cell Counting Kit-8 (Dojindo Molecular Technologies, Tokyo, Japan) assay according to the manufacturer's protocols. Cells (2x10 3 cells/well) were plated in 96-well plates and cultured overnight. Then, 10 µl CCK-8 reagent was added to each well at 24, 48, 72, and 96 h before a 2-h incubation at 37˚C. A microplate reader was used to detect the absorbance at 450 nm (test wavelength) and 630 nm (reference wavelength). All experimental procedures were repeated at least three times.
Mouse tumor xenograft. Twenty female 4-week-old nude mice (BALB/c nude mice; Vital River, Beijing, China) were purchased from the Laboratory Animal Centre of Nanjing Medical University (Nanjing, China). The specific housing conditions were as follows: Temperature, 21±2˚C; humidity, 30-70%; 12-h light/dark cycle; the ingested food and water were sterile feed and sterilized bottled water. We selected sixteen mice for our experiments and the average weight of the mice was ~15 g. All experimental procedures conducted in vivo were in accordance with the guidelines from the Animal Ethical and Welfare Committee of Nanjing Medical University. Cells [HCT116 and DLD-1, 2x10 6 cells in 100 µl phosphate-buffered saline (PBS)] were injected into the groins of the nude mice. The mice with tumor implantation were randomly divided into two groups (NC and siRNA) after 4 weeks. Once every 48 h, an intratumoral injection of si-GPR56 or si-NC mixed with the reagent (in vivo-jetPEI ® ; Polyplus, New York, NY, USA) was performed according to the manufacturer's instructions. After 4 weeks, the nude mice were sacrificed by cervical dislocation and xenograft tumors were dissected. The volume of the implanted tumors was calculated by using the formula: Volume=(width Flow cytometric analysis. We detected apoptosis using an Annexin V-FITC Apoptosis Detection kit (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer's protocols after a 48-h siRNA transfection. The cells were kept on ice and then analyzed by a flow cytometer (Becton-Dickinson, San Jose, CA, USA). The experiment was repeated three times. The HCT116 and DLD-1 cells transfected with si-NC or si-RNA2 were stored for 48 h for cell cycle analysis. Cells were stained with propidium iodide (Sigma-Aldrich; Merck, Darmstadt, Germany) and RNase A (Takara Biotechnology, Dalian, China) for 30 min at room temperature after being fixed with 70% ethanol at -20˚C overnight. Assessment of the cell cycle distribution was conducted using flow cytometry (FACSCalibur; BD Biosciences).
Transwell assay. Cell migration and invasion were performed in a 24-well Transwell plate with polycarbonate sterile chambers (8 µm filters; BD Biosciences) with or without Matrigel coating. Cells were seeded in the upper chamber at a density of 2x10 4 cells with 100 µl serum-free DMEM, whereas complete culture medium containing 10% fetal bovine serum was added to the lower chamber. After incubation for 24 h at 37˚C, we counted the migrated and invaded cells on the membrane using a light microscope and recorded the results as the means ± standard deviation (SD). The experiment was performed in triplicate.
Western blot analysis. Western blotting was performed as previously described (18) . The primary antibodies included were as follows: GPR56 (cat. no. sc-390192), E-cadherin (cat. no. sc-71009), vimentin (cat. no. sc-80975), PI3K (cat. no. sc-293172), AKT (cat. no. sc-135829) and GAPDH (cat. no. sc-47724). These antibodies were purchased from Santa Cruz Biotechnology, Inc., (Dallas, TX, USA) and the dilution ratio was 1:1,000. Secondary antibodies were HRP goat anti-mouse IgG (H+L) (1:5,000; cat. no. 115-035-003; Jackson ImmunoResearch; Shanghai Rebiosci Biotech Co., Ltd., Shanghai, China); p-PI3K (cat. no. 4228) and p-AKT (1:1,000; cat. no. 130308; both from Cell Signaling Technology). Secondary antibodies were goat anti-rabbit IgG (H+L) (1:5,000; cat. no. 111-035-003; Jackson ImmunoResearch; Shanghai Rebiosci Biotech Co., Ltd.
Statistical analysis. Statistical computations were performed using the Statistical Program for Social Sciences (SPSS) 20.0 (IBM Corp., Armonk, NY, USA) and Graph Pad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). The Chi-square tests were performed to investigate the associations between GPR56 expression and clinicopathological factors. Differences between the two groups were assessed by Student's t-test, whereas differences between multiple groups were evaluated by one-way ANOVA followed by Student-Newman-Keuls (SNK) post hoc test. Survival data were analyzed using Kaplan-Meier survival curves and log-rank test. Data were expressed as the mean ± SD. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

GPR56 is overexpressed in CRC and is associated with clinicopathological factors.
First, we assessed the expression of GPR56 by qRT-PCR in 110 pairs of CRC and matched normal adjacent tissues to examine the role of GPR56 in CRC progression. The expression of GPR56 was significantly higher in tumor tissues than adjacent non-tumorous tissues (P<0.001; Fig. 1A ). These findings were confirmed by immunohistochemical analysis ( Fig. 1B ; Table II ). Next, we determined the association of GPR56 expression level with the clinicopathological features of patients with CRC (Table III) . We divided the 110 pairs of CRC tissue samples into two experimental groups (high, n=83; low, n=27) based on the mean GPR56 levels. The expression level of GPR56 was significantly associated with the following clinicopathological factors: TNM stage (P=0.017), lymph node metastasis (P=0.009), depth of invasion (P=0.023), and distant metastasis (P=0.019). Yet, we found no association between GPR56 levels and other factors, including age (P=0.336), sex (P=0.322), tumor diameter (P=0.224), carcinoembryonic antigen (P=0.224), and primary tumor site Table I . Primer sequences used for qRT-PCR.
Gene
Forward Reverse GPR56 was significantly upregulated in carcinoma tissues than in adjacent normal tissues.
(P=0.312). We also examined GPR56 expression levels in CRC cell lines, namely, LOVO, DLD-1, SW480, HT-29, HCT116, and in normal colon epithelial cells (NCM460) by qRT-PCR and western blotting. GPR56 mRNA and protein expression levels were significantly higher in all CRC cell lines apart from HT-29 when compared with NCM460 cells (Fig. 1C and D) .
High expression of GPR56 predicts poor prognosis in patients with CRC. To further investigate the relationship between GPR56 expression and prognosis of CRC patients, Kaplan-Meier analysis was used to evaluate the correlation between GPR56 expression and overall survival (OS). We found that the OS for patients with low GPR56 levels was significantly better than those with high GPR56 levels (P=0.013; Fig. 1E ). These data indicated that GPR56 may be helpful for evaluating the prognosis of CRC patients.
GPR56 knockdown decreases CRC cell proliferation.
We selected the HCT116 and DLD-1 cell lines, which had higher GPR56 expression levels compared to the other CRC cell lines (LOVO, HT-29, SW480), to examine whether GPR56 levels and cancer cell proliferation were associated. We decreased GPR56 expression levels in the HCT116 and DLD-1 cells using specific siRNA targeting GPR56 (si-RNA1, si-RNA2 and si-RNA3). Cells transfected with si-RNA2 and si-RNA3 had a significantly decreased GPR56 mRNA expression level compared with the negative control (si-NC) group in both cell lines (P<0.05; Fig. 2A ). Next, we performed Cell Counting Kit-8 (CCK-8) assays to identify the function of GPR56 in the proliferation of CRC cells. We found that cells in which GPR56 was knocked down exhibited decreased proliferation compared to the controls (P<0.05; Fig. 2B and C) . Since the effect of si-RNA2 was more marked than that of si-RNA3, we only used si-RNA2 in the subsequent experiments. The effects of GPR56 on the cell cycle were further examined via flow cytometry. There were increased cells in the G 0 /G 1 phase and decreased cells in the S phase in the GPR56-knockdown group compared to the controls ( Fig. 2D and E) . Subsequently, western blot analysis and qRT-PCR were performed to investigate protein and mRNA expression levels of the target proteins associated with the cell cycle distribution (i.e., cyclin D, cyclin E, and c-Myc). We found that protein and mRNA levels of cyclin D, cyclin E, and c-Myc in the control cells (si-NC cells) were higher than in the GPR56-knockdown cells (Fig. 3A and B) . To investigate whether GPR56 knockdown could impair tumor formation in vivo, HCT116 and DLD-1 cells were injected into the groins of nude mice. After 4 weeks, intratumoral injection with si-GPR56 or si-NC was performed once every 48 h. After 4 weeks, compared with the si-NC group, the tumor weight of the si-RNA2 group exhibited a significant decrease and similar to the results of the in vitro cell proliferation experiment, the tumor growth rate was significantly lower in the interfering group (si-RNA2) than in the negative control group (si-NC) (Fig. 3C ). In addition, the expression of cell-cycle proteins in tumor tissues formed by HCT116 in nude mice was detected by western blotting and qRT-PCR. The results revealed that the protein and mRNA levels of cyclin D, cyclin E, and c-Myc in the control mice (si-NC) were higher than in the GPR56-knockdown mice, which was similar with the results of experiment in human colorectal cancer cell lines (Fig. 3D) . Collectively, these results indicated that GPR56 played an oncogenic role by stimulating CRC proliferation.
GPR56 knockdown promotes apoptosis of CRC cells in vitro.
Next, we investigated the association between GPR56 and CRC cell apoptosis by flow cytometry. We found that the cell apoptosis rate was lower in GPR56-knockdown cells than in control cells (si-NC) (i.e., 7.55% vs. 20.74% for the HCT116 cell line; and 10.96%, vs. 32.88% for the DLD-1 cell line). Compared to GPR56-knockdown cells, the rate of apoptosis increased by 13.19% in HCT116 cells and by 21 .92% in DLD-1 cells ( Fig. 4A and B ; P<0.05). Table III . Association of GPR56 expression with clinicopathological factors in colorectal cancer. Bcl-2 is a known apoptosis inhibitor, while Bax is a pro-apoptotic member of the Bcl-2 family. Therefore, we assessed the expression level of Bcl-2 and Bax proteins in CRC cells (HCT116 and DLD-1) with and without GPR56 knockdown. Western blotting revealed that GPR56 knockdown decreased Bcl-2 levels and increased Bax levels in the HCT116 and DLD-1 cell lines compared to the controls (si-NC) (Fig. 4C ). In addition, qRT-PCR analysis of the mRNA expression of Bcl-2 and Bax revealed similar results (P<0.05; Fig. 4D ). These results indicated that knockdown of GPR56 activated the apoptosis of CRC cells, possibly by regulating the Bcl-2/Bax ratio.
GPR56 expression ----------------------------------------------------
GPR56 knockdown inhibits the migration and invasion of CRC cells in vitro.
We performed wound healing and Transwell assays using HCT116 cells and DLD-1 cells to determine the function of GPR56 in CRC cell motility. The wound healing assay revealed a relatively weak migration ability of HCT116 and DLD-1 cells in which GPR56
was knocked down compared to the control group (si-NC) (Fig. 5A) . Furthermore, Transwell migration and invasion assays revealed that knockdown of GPR56 significantly inhibited the migration and invasion abilities of both HCT116 and DLD-1 cells (Fig. 5B) . Thus, we demonstrated that GPR56 played an important role in the migration and invasion of CRC.
GPR56 induces epithelial-mesenchymal transition phenotypes.
Epithelial-mesenchymal transition (EMT) is a vital process for primary tumor cells to gain migration ability. We assessed whether GPR56 had any influence on EMT in CRC cells to examine the function of GPR56 in CRC cell proliferation and migration. We determined the protein and mRNA expression levels of E-cadherin, N-cadherin, and vimentin in GPR56-knockdown cell lines compared to the controls (si-NC). We determined that GPR56 knockdown reversed the EMT-related protein levels in both HCT116 and DLD-1 compared to the controls. Specifically, epithelial marker E-cadherin was highly expressed whereas the expression of the mesenchymal markers N-cadherin and vimentin was significantly decreased (Fig. 5C ).
GPR56 promotes CRC cell migration by inducing EMT via
regulation of the PI3K/AKT signaling pathway. First, we examined the association between GPR56 expression and PI3K/AKT signaling. Western blotting revealed that GPR56 knockdown markedly decreased phosphorylated PI3K and AKT levels but not that of non-phosphorylated PI3K and AKT (Fig. 6A) . Considering there are a series of oncogenes reported to promote EMT via activation of the PI3K/AKT signaling pathway in various malignancies, we attempted to uncover the relationship between the PI3K/AKT signaling pathway and EMT in CRC. We chose the HT-29 cell line, which had a low expression of GPR56, for these experiments and then overexpressed the GPR56-target gene using a special amplification plasmid (Fig. 6B) . As predicted, overexpression of GPR56 significantly increased cell migration in a Transwell assay; however, the addition of the PI3K/AKT-specific inhibitor LY294002 decreased the cell migration capacity (Fig. 6C and D) .
In addition, western blotting and qRT-PCR analysis revealed that GPR56 overexpression upregulated vimentin and N-cadherin expression and downregulated E-cadherin expression. Conversely, when cells overexpressing GPR56 were treated with LY294002, the typical change in EMT was reversed (Fig. 7A and B) . To summarize, these results preliminarily demonstrated that GPR56 promoted EMT via PI3K/AKT signaling, which led to the increased migration ability of CRC cells.
Discussion
GPCRs have recently become a hot topic in tumor research (19) (20) (21) . They are reported to be vital regulators of various cellular functions such as cell adhesion, migration, polarity, and guidance. Although the expression of GPR56 has been demonstrated to be increased, deceased, or silenced in either tumor cells or the stromal cells of the tumor microenvironment (22) , its precise role and related mechanism in CRC remains unclear. Our study revealed for the first time the GPR56-related regulatory mechanisms that may be involved in the development and metastasis of CRC.
Considering GPR56 was previously found to be upregulated in a series of cancer types [such as esophageal squamous cell carcinoma, human fibrosarcoma, and human epithelial ovarian cancer (23)], we investigated whether high expression of GPR56 had a similar effect in CRC progression. Our findings indicated that GPR56 was overexpressed at both the mRNA and protein levels in CRC and its high expression was significantly associated with the malignant progression of the primary tumor. We also found that patients with high expression of GPR56 had a relatively poor prognosis compared to those with low expression. These results demonstrated that GPR56 has the potential to be a clinical marker for both diagnosis and prognosis evaluation in CRC.
We also investigated how GPR56 functions as an oncogene in CRC cells. We found that GPR56 played a vital role in changing the proliferation, migration and invasion abilities of CRC cells. GPR56 knockdown also caused CRC cells to arrest at the G 0 /G 1 phase and promoted apoptosis in both HCT116 and DLD-1 cell lines. Collectively, our results indicated that high expression of GPR56 was positively associated with the metastatic potential of primary colorectal tumors. Since EMT is a vital mechanism in the metastasis of primary cancers (24), we hypothesized that GPR56 may play a role in this process. EMT is a process whereby epithelial cells are transformed into motile mesenchymal cells. It typically occurs during morphogenesis in embryonic development, and is silent in the adult body; however, EMT can be recovered under a variety of pathological conditions, including wound healing, fibrosis, and cancer metastasis (25) . Thus, we assessed the expression of EMT-induced markers after knockdown of GPR56 in two CRC cell lines. Depletion of GPR56 evidently weakened N-cadherin and vimentin expression, but increased the expression of E-cadherin. This indicated that GPR56 promoted metastasis of CRC by regulating the expression of genes related to EMT.
The PI3K/AKT signaling pathway is a vital pathway related to cancer progression and invasion (26) . Crosstalk between PI3K/AKT signaling and EMT in cancers has been reported (27) (28) (29) (30) . Thus, we investigated whether PI3K/AKT-mediated EMT was involved in GPR56-mediated migration and invasion in CRC. We determined that overexpression of GPR56 promoted the migration of CRC cells and this promotion could be inhibited by LY294002, a specific inhibitor of PI3K/AKT signaling. Conversely, depletion of GPR56 caused a significant decrease in phosphorylated PI3K and AKT. In addition, when cells that expressed high levels of GPR56 were treated with LY294002, EMT was reversed. These observations indicated that high expression of GPR56 affected CRC migration by stimulating EMT via a PI3K/AKT-mediated mechanism.
In conclusion, in the present study, high GPR56 expression was detected in CRC tissues and cell lines at both the protein and mRNA levels. Since GPR56 has an oncogenic role, it has the potential to be a useful biomarker of CRC. Furthermore, GPR56 promoted CRC cell proliferation, migration, and invasion, and was critical in CRC metastasis by stimulating EMT via activation of PI3K/AKT signaling. However, this investigation still has some flaws. We found that GPR56 was highly expressed in most colorectal cancer cell lines (LOVO, DLD-1, SW480, HCT116) but expressed at a relatively low level in HT-29 cells when compared to a normal cell line (NCM460). The molecular mechanism behind this phenomenon remains unclear. We conjectured that it may be related to differences between cell lines and multigene interactions in cancers. The precise underlying mechanism of the interaction between GPR56 and the progression of CRC requires further investigation.
